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Abstract  
Some historical glasses (lead-wood ash glasses, lead-crystal glasses…) are silicate glasses with 
high content of lead and potassium. This work presents the evaluation of the chemical stability 
of high-lead glasses in a high relative humidity atmosphere and as result of aqueous immersion. 
In both situations, the alteration mechanism begins with the lixiviation of alkali metal and lead 
ions, followed by the hydrolytic attack of the silica glass network. According to the results, the 
glasses with a higher content of lead show the fastest degradation due to their higher 
hygroscopicity. Environmental CO2 can be dissolved in the adsorbed water and favor the 
formation of intermediate degradation compounds.  
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Lead glasses have been used throughout history to produce small objects such as beads, mosaic 
tiles or rings 1-5, as well as in the decoration of rings, bracelets or small vessels 6-11. These glasses 
generally are opaque due to the precipitation of lead antimonate or lead stannate during the 
glass batch and the annealing 10, 12. During the medieval period, the production of lead-rich 
glasses increased in Europe together with plant-ash glasses 4, 5, 13-16. It was in the late 17th century, 
when lead-silicate glasses were largely produced to make glass vessels and other luxury objects. 
The recipes remained secret for around a century before they were produced in northern 
Europe 17, 18. The addition of lead oxide to the batch glasses reduces their melting point, which 
result in cost saving because they would need less wood or coal to maintain the furnace 
temperatures 4. It also increases the refractive index of the glass, in other words, their optical 
properties were more similar to quartz crystal than glasses with other chemical compositions 4, 
14, 15, 19, 20. Due to their lower melting temperature (900-1000 °C), lead-silicate glasses were also 
used to glaze pottery 21, 22 and as raw material for grisailles and enamels 23-26.  
According to their chemical composition, most of the ancient high-lead glasses had lead as the 
only flux. Heraclius, in the “De coloribus et artibus romanorum” (10th–13th century) stated that 
high-lead glasses were prepared by two parts of lead oxide and one part of sand 27. However, to 
produce high-quality glasses without excessive weight or an expensive content of lead, artisans 
began to produce lead glasses in combination with supplementary alkali fluxes. Most commonly 
used fluxes in glasses from central and eastern Europe was the wood ash, which increases the 
content of potassium in the glasses 20. In the 17th century, in England, wood ashes were 
substituted by saltpeter (potassium nitrate) from India to have higher control of the raw 
materials. This favored the formulation of a new glass composition that was called lead-crystal 
glass. This glass was patented by George Ravenscroft in 1674 under the title “a perticuler sort of 
chritaline glasse resembling rock christall” 19, 20. To develop this new glass composition, glaziers 
tried several formulations, some of them were finally rejected because of their chemical 
instability. Some of these unstable formulations had a low content of stabilizer oxides (< 5 wt. 
% of CaO or MgO), that produced different degradation pathologies in lead-crystal glasses after 
some years, such as solarizing or crizzling 17, 20, 28, 29.  
The degradation mechanism of high-lead glasses (> 40 wt. %) has been studied in acidic 
conditions 30-36, mainly to avoid the poisoning by lead as a consequence of drinking wine (0.1-
0.3 g/l acetic acid 37) in lead-crystal vessels 30-32, 38. However, there is not a systematic study about 
the alteration of these glasses in humid atmospheres, as happens in some collections of 
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historical glasses without the correct preventive conservation measures or exposed to external 
environments. This research aims to evaluate the chemical stability of high-lead glasses in high-
humidity environments and aqueous immersion in order to study the alteration mechanism, 
identify the most vulnerable glasses, and contribute to the establishment of the best 
conservation measures in museums and collections for objects with these chemical 
compositions.  
2. Materials and methods 
2.1. Glass samples 
Four lead-silicate glasses were formulated in the laboratory with a progressive increase in the 
PbO content (Table 1). The chemical composition of these glasses was chosen based on historical 
glasses; Pb15.30 and Pb15.40 represent high-lead glasses used in utilitarian objects 14, 39 and 
Pb15.50 and Pb15.60 are examples of very high-lead glasses identified in glass wastes or 
decoration 4, 40. 
Table 1. Chemical composition of the model glasses by XRF. Error in brackets 
 wt. %  mol. % 
Glass K2O SiO2 PbO  K2O SiO2 PbO 
Pb15.30 16 54.4 29.5  14.1 75.0 10.9 
 (0.5) (2.2) (0.9)  (0.4) (3.0) (0.3) 
Pb15.40 15.6 42.9 41.4  15.5 67.0 17.4 
 (0.3) (1.3) (1.7)  (0.3) (2.0) (0.7) 
Pb15.50 15.8 32.7 51.5  17.8 57.7 24.5 
 (0.6) (1.1) (1.0)  (0.7) (2.0) (0.5) 
Pb15.60 15.4 23.6 60.9  19.7 47.4 32.9 
 (0.5) (0.7) (1.8)  (0.6) (1.4) (1.0) 
 
The raw materials were melted between 1000 and 1375 °C, depending on the glass, during 2 h 
and then annealed at 350 °C for Pb15.30 and Pb15.40, and at 150 °C for Pb15.50 and Pb15.60.  
The obtained glasses were cut to obtain a piece of 10 × 10 × 10 mm, and the rest were ground 
and sieved to obtain the powder fractions of diameter < 300 µm, 300-500 µm, and > 500 µm. 
The pieces were embedded in polymeric resin and polished using emery paper and diamond 





2.2. Laboratory corrosion tests 
Three accelerated artificial corrosion tests were developed to characterize the interaction of the 
lead-silicate glasses with water. Two of the tests were made in a desiccator whose bottom was 
filled with distilled water to fix the relative humidity (RH) at ~100 %. In the desiccator, both 
powdered glass (< 300 µm) in porcelain weight boats and polished cross-section embedded in 
resin were exposed for 10 days. Both porcelain weight boats and resin showed a low capacity of 
water adsorption, in both cases the weight increase due to water adsorption was lower than 
0.03 wt. % after 3 days at the test conditions. The conditions inside the desiccator were 
monitored with a data logger for humidity and temperature (HL-1D by Rotronic measurement 
solutions). 
The third test was made in an oven according to the Standard ISO 719:1985 41 to measure the 
hydrolytic resistance of glass grains at 98 °C. According to the standard, 0.5 g of powdered glass 
(300-500 µm) was put in polypropylene tubes with 5 ml of distilled water. The tubes were kept 
inside the oven at 98 °C during 1, 3, 5, and 10 h. Then the solution was filtered to analyze both 
the solid and the liquid fraction. 
2.3. Characterization techniques 
Glass samples were characterized by the following techniques: gravimetry, X-ray fluorescence 
spectroscopy (XRF), inductively coupled plasma coupled with optical emission spectrometry 
(ICP-OES), Field Emission Scanning Electron Microscopy (FE-SEM), measurement of the contact 
angles, μ-Raman confocal spectroscopy, Fourier Transform Infrared Spectroscopy in Attenuated 
Total Reflectance mode (FTIR-ATR) and X-ray diffraction (XRD). 
The mass variation was evaluated using an A&D Instruments analytical balance, model GR-200-




 (Eq. 1) 
The chemical composition of the glasses before exposure was analyzed by XRF. The 
measurements were carried out with a PANalytical MagicX (PW-2424) wavelength dispersed X-
ray spectrometer equipped with a rhodium tube (SUPER SHARP) of 2.4 KW. Analytical 
determinations were undertaken through the analysis with control standards of natural minerals 
from British Chemical Standards (BCS) and National Institute of Standards Technology (NIST), 
and a powder sample prepared in a fused pearl. A Philips Perl’X3 equipment was employed for 
making pearl samples using a platinum-gold crucible. Pearls were melted at 1050 °C from a 
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homogeneous mixture of 0.3 g of the powder sample (< 75 μm) and 5.5 g of anhydrous Li2 B4O7 
and LiBr.  
Filtered liquids without any other preparation were analyzed by ICP-OES, Agilent ICP-OES 720 
coupled to an echelle polychromator and a simultaneous CCD detector. This equipment 
measures in the whole range of wavelengths (167-770 nm). 
Morphological analysis of the glass surfaces were performed by Field Emission Scanning Electron 
Microscopy (FE-SEM) HITACHI S-4700. For elemental chemical analysis by Energy Dispersive X-
ray Spectroscopy (EDX) a NORAN system six was connected to the FE-SEM.  
Contact angle measurements between the glass samples and distilled water were performed 
using the Easy Drop Standard “Drop Shape Analysis System” Kruss DSA 100 measurement 
apparatus under ambient laboratory conditions with the aim of evaluating the wettability of the 
original glass samples. The contact angle of each glass was measured at least three times, and 
the average value and standard deviation were calculated. 
Raman spectra were recorded using a confocal Raman microscope integrated with atomic force 
microscopy (AFM) on a CRM-Alpha 300 RA microscope (WITec, Ulm, Germany) equipped with a 
Nd:YAG dye laser operating at 532 nm and a X100 objective lens (NA ¼ 0.9). The incident laser 
power was 5 mW and the Raman spectral resolution was down to 0.02 cm-1. The sample was 
mounted on a piezo-driven scan platform with 4 nm lateral and 0.5 mm vertical positional 
accuracy. The piezoelectric scanning table allows steps of 3 nm (0.3 nm in the vertical direction), 
giving a very high spatial resolution for both the AFM and the CRM. The superficial selected areas 
studied were 10 µm x 10 µm and the acquisition time was 0.05 s for one single spectrum. 
Collected spectra were analyzed using Witec Control Plus software. 
The measurements of Fourier transform infrared spectroscopy (FTIR) were measured by a 
Spectrum 100 FT-IR Spectrometers of Perkin Elmer with a diamond crystal detector. Manual 
pressure accessory was used to ensure good contact between glass and crystal. The 
measurements were obtained in Attenuated Total Reflection (FTIR-ATR) mode with a spectral 
range from 4000 to 400 cm− 1 and a spectral resolution of 4 cm− 1. Each spectrum was the product 
of 8 internal scans. 
X-ray powder diffraction data were collected over the range 5° ≤ 2θ ≤ 70° in a step width of 0.05° 
and a counting time of 1s per step employing a Bruker D8 Advance diffractometer (BRUKER, 




3. Results  
3.1. Glass behavior in atmosphere ~100 % RH  
To evaluate the wettability of high-lead glasses, the contact angle between the glass surface and 
water drops was measured before the alteration tests. This property was similar in the four 
glasses independent of the glass composition (Table 2), which indicates that the water droplets 
have the same behavior in the different glass surfaces and the subsequent glass alteration 
depends on the stability and hygroscopicity of each glass and not on their wettability 42. 
Table 2. Average of contact angle values and standard deviation for droplets of distilled water on the 
glass surfaces. 
Glass Contact angle (°) 
Pb15.30 40.0 ± 4.4 
Pb15.40 34.8 ± 3.8 
Pb15.50 39.6 ± 2.7 
Pb15.60 41.4 ± 5.7 
 
Glass powder (Ø < 300 µm) from the four lead-silicate glasses was exposed to a ~100 % RH 
atmosphere and resulted in a progressive increase in mass in all samples (Fig. 1). The data 
suggests that there is a relation between the content of lead and the adsorption of 
environmental humidity. The higher hygroscopicity of the glass Pb15.60 resulted in the presence 
of visible liquid in the container after three days of exposure. This liquid increased the weight of 
the glass doubling it in four days and, after 10 days, the weight was around the triple (Fig. 1). On 
the contrary, the weight of the glasses Pb15.30 and Pb15.40 just increased ~10 % due to their 
lower hygroscopicity. After 10 days, they did not present visible liquid in their containers. The 
aqueous solution in contact with the glasses Pb15.50 and Pb15.60 presented a very high pH, in 
both cases around pH 11. The FTIR-ATR analyses of the solutions confirm that they are aqueous 
solutions with a small concentration of carbonate ions (Fig. 2). These ions, which were not 
present in the glass, are the result of the dissolution of environmental CO2 in the solution 




Fig. 1. Mass variation of grounded glass (Ø < 300 µm) as a function of time (Eq. 1)  
 
Fig. 2. FTIR-ATR spectra of distilled water, the final solutions of the hydrolytic resistance test, and the 
liquid adsorbed to the glass powder after 10 days at ~100 % HR. Types of vibrations: υ: stretching; δ: 
bending. 
After the 10 days of test, the grounded glasses were filtered and dried at 75 °C for 5 h. The XRD 
analyses of the solids show the broad band of the glass in the four cases, and the diffraction 




Fig. 3. XRD spectra of the solid phase after 10 days at ~100 % HR.  
Glass coupons were also exposed to the same conditions as grounded glasses (desiccator at ~100 
% RH). Pb15.30 was almost stable to the alteration after 10 days at high humidity because the 
surface just shows the formation of isolated deposits (Fig. 4 a and b), but they are 
homogeneously distributed on Pb15.40 glass surface (Fig. 4 c and d). The glass Pb15.50 shows a 
cracked surface with detached areas (Fig. 4 e) and several deposits on the most altered areas 
(Fig. 4 f). These deposits are flat and perpendicular to the surface as result of their growth. The 
most altered glass is Pb15.60. After the 10 days of the test, the coupon shows an irregular 
surface, which was fragile and easily breakable under little pressure due to the high 
concentration of cracks (Fig. 4 g). Big crystals (> 5 µm) are also observed on the surface of the 
most altered areas (Fig. 4 h). This glass experienced also a significant increase of volume (3 mm 




Fig. 4. SEM images of the glass surface a-b) Pb15.30, c-d) Pb15.40, e-f) Pb15.50, and g-h) Pb15.60, after 
being exposed during 10 days at ~100 % RH. 
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The µ-Raman analysis of the surface of the glass Pb15.60 after 3 days at ~100 % RH does not 
show the Raman bands of carbonates, such as in the glass powder, but an increase in the 
bending bands and the stretching bands Q1 and Q2 of the glass (Fig. 5, Table 3), which are 
related to the presence of silica linked to a one oxygen atom (Q1) or two oxygen atoms (Q2) 43. 
This structure is common in the silica gel layer (alteration layer).  
 
Fig. 5. µ-Raman spectra of the Pb15.60 glass surface after 3 days at ~100 % HR in environmental 
temperature and Pb15.60 glass powder immersed in distilled water for 10 hours at 98 °C.  
Table 3. Main assignments of Raman bands detected on the surface of Pb15.60 glass after the corrosion 
tests (Fig. 5). 
Raman shift (cm-1) Assignment Related to: References 
71 “Boson” peak Lead glass [27] 
94 Ionic Pb-O bond Lead glass [27-29] 
138 υsym Pb-O Lead glass [27, 29] 
300-600 Bending modes of silicate glass Silicate glass [26, 30] 
682 υ4-in-plane band of CO32- groups  2PbCO3·KOH [31, 32] 
800-1300 Stretching modes of silicate glass Silicate glass [26, 29, 30] 
1057 υ1-symmetric C–O stretching of CO32- groups  2PbCO3·KOH [31, 32] 
1386 υ3-asymmetric C–O stretching of CO32- groups  2PbCO3·KOH [31, 32] 
 
 
The surface of the glass coupons was also daily monitored by FTIR-ATR. After one day of test 
(Pb15.60 d1), it is observed the increase in the hydroxyl, bicarbonate and carbonate bands in 
comparison to the original glass (Pb15.60 d0) (Fig. 6, Table 4). After three (Pb15.60 d3) and five 
(Pb15.60 d5) days, the hydroxyl band maintains its intensity; in contrast to the bicarbonate 
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bands, whose intensity decreases in favor of the carbonate ions and the bands related to the 
2PbCO3·KOH (Fig. 6). The characteristic values of the main bands for FTIR-ATR modes are 
summarized in Table 4. 
 
Fig. 6. FTIR-ATR spectra of the Pb15.60 glass surface at different times. 
Table 4. Main assignments of FTIR-ATR bands detected on the surface of Pb15.60 glass after the 
corrosion tests (Fig. 6). 
IR band (cm-1) Assignment Related to: References 
60 υ3-asymmetric C–O stretching of CO32- groups  HCO3-  [31,33] 
618-605 Symmetric stretching vibration Si-O-Si Glass [34] 
754-762 Asymmetric stretching vibration Si-O-Si 
Asymmetric stretching vibration Si-O-Pb  
Glass [34] 
840 υ2 asymmetric C–O 2PbCO3·KOH [32] 
844 CO3 out-of-plane bending vibration KHCO3 [35-37] 
855-927 Asymmetric stretching vibration Si-O- Glass [34] 
942 δ PbOH PbOH [32] 
971 Asymmetric stretching vibration Si-O-Si Glass [34, 38] 
1010  υ5 (stretching of C-OH) at HCO3- [35-37, 39] 
1121-1054 Asymmetric stretching vibration Si-O-Si Glass [34] 
1360-1365 υ3 (symmetric stretching of CO2) HCO3- [35-37, 40, 41] 
1385 CO32− CO32− [40, 41] 
1413, 1430 υ3 asymmetric C–O 2PbCO3·KOH [32] 





3.2. Glass behavior in aqueous solution  
To evaluate the hydrolytic resistance of the high-lead glasses, glass powder (300 < Ø < 500 µm) 
was immersed in distilled water at 98 °C during 1, 3, 5, and 10 h, according to the standard ISO 
719:1985 41.  
After the test, ICP-OES analyses of the aqueous solutions show that all the glasses experienced 
a progressive depletion in potassium, silica and lead from their glass structure as result of their 
interaction with the distilled water. The most concentrated specie in the solutions is K+ (Fig. 7 a) 
because it experiences a quick ion-exchange with the H+ from the water. This exchange also 
induces a progressive increase of the pH of the solution (Fig. 8). Larger is the duration of the 
test, higher is the [K+] leached from the glasses (Fig. 7 a and d), and higher is the pH of the 
solution (Fig. 8).  
 
Fig. 7. ICP-OES analyses of the aqueous solutions after the test for the species a,d) [K+]; b,d) [Si4+]; c,f) 




Fig. 8. Evolution of the pH of the solutions during the immersion test. 
The second specie most concentrated in the solutions after the test is Si4+ (Fig. 7 b). The 
concentration of Si4+ ions after 10 h of test shows three different behaviors (Fig. 7 b and e). In 
Pb15.30, the silica dissolved in the medium is very low (< 50 mg/l) and constant along the test. 
The aqueous medium shows a final pH of ~10, which was not enough to dissolve the silica gel 
layer 44. The glasses Pb15.40 and Pb15.50 show a progressive increase of the Si4+ ions in the 
medium, as result of the progressive increase of the solution pH. The behavior of Pb15.60 shows 
a high [Si4+] value after one hour of test and it is almost constant along the experiment (Fig. 7 b). 
After the first hour, the pH of the medium is ~13. This value favored the silica layer dissolution, 
but also the formation of a depleted layer with large thickness and lead precipitates that could 
cause the eventual slowing of the ionic interdiffusion leading to a stable condition 36. 
The progressive increase of the pH also induces the lixiviation of lead ions from the glass 
structure. For the tests with Pb15.30, Pb15.40, and Pb15.50, it is observed a progressive increase 
up to 100 mg/l after 10 h of test (Fig. 7 f). However, the evolution of the [Pb2+] in Pb15.60 is the 
contrary (Fig. 7 c and f). Longer was the duration of the tests; lower is the [Pb2+] in the solution. 
This progressive decrease of [Pb2+] was due to the formation of lead hydroxyl complexes.  
Neither of the solutions present carbonate ions (Fig. 2), probably due to the lower duration of 
the test. However, the Raman bands of hydroxides and 2PbCO3·KOH are observed together with 
the bands assigned to lead glass in the solid fraction of the Pb15.60 glass (Fig. 5, Table 3). These 






4.1. Alteration mechanism 
The tests show that all high-lead glasses present the same corrosion mechanism but with 
different alteration rates depending on their chemical composition.  
According to the tests, environmental water adsorbed to the glass surface and the aqueous 
solution induces the lixiviation of alkali metal (Reaction 1) and lead ions (Reaction 2).  
 ≡Si-O-K + H2O → ≡Si-OH + K+ + OH-  (Reaction 1) 
 ≡Si-O-Pb-O-Si≡ + 2H2O → 2 (≡Si-OH) + Pb2+ + 2 OH- (Reaction 2)  
As result, K+ and Pb2+ ions from the surface are leached, leaving a hydrated silica layer on the 
glass surface 32, 35, 36, 45. The ion-exchange process generates several atomic voids, empty spaces 
and dissolution channels that form a hydrated silica gel layer on the surface 38. The rate of this 
reaction depends on the concentration of K+ and Pb2+ in the glass and their diffusion through the 
silica gel layer 46. The ion-exchange between K+ and H+ ions (Reaction 1) is more favorable from 
the energetic point of view than the exchange between Pb2+ and H+ ions (Reaction 2) because 
less energy is needed to break the [Si-O-K] bond than to break the two bonds in [Si-O-Pb-O-Si]. 
This agrees with the higher content of K+ ions in the aqueous medium after the hydrolytic test 
(Fig. 7 a and d). 
Water can also induce the hydrolytic attack of the glass network to form silanol groups 
(Reactions 3). 
 ≡Si-O-Si≡ + H2O ↔ 2 ≡Si-OH  (Reaction 3)  
The aqueous solution can enter through the dissolution channels and react with the siloxane 
bonds. The diffusion inside these layers can produce that the hydroxyl ions generated during the 
alkali metal leaching (Reaction 1) are leached, increasing the pH of the medium 44, 47. This 
increase of hydroxyl ions (pH > 7) is verified in the aqueous tests and in the liquid adsorbed to 
the glasses Pb15.50 and Pb15.60 after the high-humidity test. The increase of the pH accelerates 
the breaking of the SiO2 network through the reaction of dissolution (Reaction 4) 31, 33, 36, 38, 46. 
The dissolution of the silica layer is produced predominantly at pH > 9 44.  
 ≡Si-O-Si≡ + OH- → ≡Si-OH + ≡Si-O- (Reaction 4) 
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When the glass structure is dissolved, the different ions in the glass network are dispersed in the 
aqueous solution. The low content of lead in the solutions (< 100 mg/l for Pb15.30, Pb15.40, 
Pb15.50; and < 1000 mg/l for Pb15.60 for tests longer than three hours) (Fig. 7 c and f) is due to 
both, its slower capacity of leaching because of their size and its faster reaction with the hydroxyl 
ions from the medium to form different lead hydroxyl complexes, such as the ionic species 
PbOH+, Pb(OH)3-, Pb2OH3+, Pb4(OH)44+ and Pb6(OH)84+ and the solid Pb(OH)2. The concentration 
of each ion depends on the pH value and the total lead concentration 48, 49. Pb6(OH)84+ is 
dominant in the pH range 8-11. However, in basic conditions, the solid Pb(OH)2 is formed, 
removing the lead from the solution (Fig. 7 c). 
Similar results were observed by Ahmed and Youssof 38. In their experiments, the concentration 
of the species lixiviated increases in the order: Si>K>Na>>Pb, but in this study is K>Si>Pb. This 
difference could be due to both a higher content of potassium in these glasses and a higher 
glass/water relation that accelerates the corrosion rate 38, 50.  
The design of the tests do not include CO2 or carbonate ions (section 2.2); however, carbonates 
are identified in the surface of some glasses after being dried in the oven (Fig. 3, 5 and 6). During 
the tests, environmental CO2 is probably dissolved in the aqueous medium 51. At the pH of the 
adsorbed solution, the CO2 is in equilibrium with the HCO3- specie (Reactions 5 and 6), as it is 
detected in the Pb15.60 glass surface after one day of test (Fig. 6). At higher pH, the equilibrium 
favors the formation of carbonates in the medium (Reaction 7), as it is identified in the surface 
of the Pb15.60 glass after five days of test (Fig. 6) and in the solution adsorbed to the glass 
powder Pb15.50 and Pb15.60 after 10 days of test (Fig. 2).  
 CO2 + H2O ↔ H2CO3 (Reaction 5) 
 H2CO3 + H2O ↔ HCO3 - + H3O+ (Reaction 6) 
 HCO3- + OH- ↔ CO32- + H2O (Reaction 7) 
The formation of carbonates can induce the precipitation of solid PbCO3. However, the water 
evaporation increases the concentration of K+ ions, leached from the glass, and OH- ions, formed 
during the alteration, which can react with the carbonates to form the compound 2PbCO3·KOH, 
detected by several techniques such as FTIR-ATR (Fig. 6), XRD (Fig. 3) and µ-Raman spectroscopy 
(Fig. 5). This compound is not formed on the surface of the glass immersed in distilled water 




4.2. Influence of the composition 
In this study, it is observed that Pb15.30 and Pb15.40 presented a similar chemical resistance in 
the aqueous test (Fig. 7 d and e). The lowest concentration of Pb2+ is observed in the aqueous 
solution for the Pb15.30 glass (Fig. 7 f) due to its higher stability in comparison to the other ones. 
On the contrary, Pb15.60 is the less resistant glass because their solutions present the highest 
concentration of K+, Si4+ and Pb2+ (Fig. 7 a, b and c), the fastest increase of the solution pH (Fig. 
8), and the most advanced alteration pathologies (Fig. 4 g and h). 
Potassium ions in silicate glasses create non-bridging bonds [≡Si-O-K] that favor the ion-
exchange mechanism, leaving big channels of diffusion within the glass 31-33. Also, the leached 
alkali favors the hygroscopicity of the glass surface 52, accelerating the adsorption of 
environmental water to the glass surface, which increases the alteration rate. The content of 
potassium in the glasses analyzed in this study is similar in wt. %, but it is observed a higher 
content of alkali metal ions in mol % (Table 1). This means that the relation between the atoms 
of potassium and silica is higher in the glasses with a higher content of lead, which contributes 
to their faster degradation. Regarding the lead content, PbO acts as modifier in silicate glasses 
with low content of lead (< 40 mol. %). For these concentrations, an increase of PbO in the glass 
induces the decrease in the binding energy of the bonds [-O-Pb-O-] 32, 53, favoring the ion-
exchange and, therefore, decreasing their chemical stability 34, 54. When the concentration of 
PbO in the glass is higher than 40 mol. %, lead atoms began to be interconnected through 
polymeric chains of PbO4 being a former oxide 53, 55, 56. As former oxide, the binding energy does 
not change too much and remains at a low value 53. This agrees with the faster degradation 
observed in the glasses with a higher content of PbO. 
From the conservation point of view, glasses with a high content of lead and potassium should 
be identified as vulnerable due to their higher hygroscopicity and they should be maintained at 
moderately low humidity (40 - 45 % RH) 28, 57 to minimize the alteration rate. 
5. Conclusions 
Different accelerated corrosion tests were developed to determine the stability of high-lead 
glasses in aqueous and high-humidity environments. According to the results, in high-humidity 
environments, high-lead glasses adsorbed environmental water. Both, the adsorbed water and 
the aqueous solution produce the same alteration mechanism: first, the lixiviation of the alkali 
metal and lead ions, followed by the hydrolytic attack of the glass network due to the increase 
of the pH. High-lead glasses show the fastest degradation rate in contrast to glasses with higher 
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content of silica that are more stable. Environmental CO2 can be dissolved in the aqueous 
medium forming bicarbonate and carbonate ions, depending on the pH of the medium that 
could precipitate in an environment with low humidity. In addition, the Pb2+ions leached from 
the medium in basic solutions react quickly with the OH- ions to form lead hydroxyl and 
carbonate complexes.  
This study also confirms that it is important not to expose historical high-lead glasses to 
extremely high humidity (> 85 % RH) to avoid their alteration and to clean them with mixtures 
of water and solvents to favors their evaporation.  
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